Abstract: Background: During plant life, there are several factors affecting plant growth, development and finally their productivity. Water is one of the most important environmental factors, as it is the major constituent of all living organisms. This stress influences plant metabolism both directly and indirectly. Thymus vulgaris or common thyme is well known since ancient times for its medicinal and culinary uses. Its extract has antiseptic, antibacterial and spasmolytic properties.
INTRODUCTION
Thymus vulgaris, or common thyme, belonging to the Thymus genus, is placed in the Lamiaceae (Labiatae) family. The Lamiaceae family is not only one of the largest families of the di-cotyledons, but is also mainly comprised of highly aromatic genera [1] . Thyme itself, as a perennial herb, is well known worldwide since ancient times for its medicinal and culinary uses. Its extract has antiseptic, antibacterial and spasmolytic properties [2, 3] .
During a plant's life, there are many factors that affect growth, development and productivity [4] . These factors include: high or low temperature, high/low light, ozone, elevated CO 2 , increased salt [5] and lack of water [6, 7] . Water is arguably the most important environmental factor, as it is the main constituent molecule of most organisms. Lack of water will cause reduced growth rate due to lowering cell division and expansion [8, 9] and decrease carbon accumulation [10] . Lack of water is the main factor causing plant yield decrease [6] .
In genomics and transcriptomics studies under water deficit stress conditions, a huge number of genes (QTLs) [11] [12] [13] and transcript changes [14] [15] [16] have been observed. Likewise, using proteomics, massive protein alterations [17, 18] have been reported. All these techniques can give important insights. However, they have limitations. For example, mRNA up-regulation does not always lead to protein level increase [19] . Moreover, not all the proteins translated are functional [20] . However, study of changes in metabolites as the end-product of gene expression and protein translation can provide an alternative approach, and is important to understand the perturbations of metabolic pathways occurring during abiotic stresses such as water deficit. Even though some knowledge is available [21] , little is known about the metabolite responses to water deficit stress and how it relates to phenotypic response in thyme.
Metabolomics, via a metabolic profiling approach, can be used to study plant stress. Specifically, time course profiling can give valuable information about metabolite changes during the development of a stress response [22] . Various technologies of metabolomics have been reviewed in detail [23] . FT-ICR (Fourier Transformed Ion Cyclotron Resonance) by DIMS (Direct-Infusion Mass Spectrometry), with less than 1 ppm mass accuracy and measuring compounds less than 1500 Daltons in weight, has been used in plant metabolomics [24] . FT-ICR has two considerable advantages; namely high mass accuracy (the measured mass is close to true mass) and high mass resolution (it can distinguish two ions with similar masses) [25] . DI FT-ICR workflow along with SIM-stiching (SIM:Selected Ion Monitoring; described in materials and method section) has provided an increase in the dynamic range (ca. 3000 m/z) but still retained high mass accuracy (maximum absolute mass error of 0.29 ppm) [26, 27] . This technique has been used to study the effects of herbicide and light/dark treatments in Arabidopsis [28, 29] , the study of nitrogen metabolism in transgenic tobacco [30] , and metabolic response of opium poppy cell cultures to elicitor treatment [25] . However, to the best of our knowledge, the current report is the first to utilize DI FT-ICR to investigate water deficit stress responses in plants.
This investigation aims to optimise the developed general scheme of DI FT-ICR metabolite profiling of plant extracts and data processing as well as monitoring the major metabolites changing over a water deficit stress period on a daily basis in Thymus vulgaris. The identified metabolites' role in water deficit stress through various metabolic pathways will be discussed.
MATERIALS AND METHODS

Plant Material and Growth Condition
Thymus vulgaris (origin Germany) was chosen to study a time course of metabolite profiling. The previous physiological experiments by authors [31] identified this population as moderately drought tolerant. Seeds were provided by Humber VHB Company (Van Heyningen Brothers Ltd, Hampshire, UK). To evaluate populations during early phase growth, seeds were sown in 8 cm diameter pots and placed in the growth room with a 16:8 light: dark cycle and a temperature of 22°C and watered weekly. Soil mixture was 4 parts Humax Multipurpose peat based compost mixed in 1 part perlite with Intercept 70wg insecticide added at 0.02 g/l compost. Water deficit stress was applied by withholding water from the 30 th day. To catalogue the physiological response of plant during stress, traits including water content, water potential, fresh weight and dry weight were measured [31] .
Tissue Harvesting and Sample Extraction
From the first day of withholding water until 14 days, plants were harvested each day (similar ages of leaves on one plant cut with scissors), flash frozen with liquid nitrogen, then weighed and returned back onto liquid nitrogen and stored in the -70°C freezer. Six biological replicates per daily sample were freeze-dried for 48 hours. Freeze-dried samples were weighed and stored at -70°C until extraction. The weight of dried samples ranged between 3 to 10 mg. For extraction, a Methanol: Chloroform protocol was used, for very small and dried samples (<=10mg). Briefly 32 l MeOH and 12.8 l water per mg tissue added were added and homogenised by a Precellys 24 homogeniser (Bertin Technologies Ltd, USA). Next, 32 l CHCl 3 and 16 l Water were added and the mixture was centrifuged. Each fraction of this biphasic solution was transferred to separate vials as polar (upper layer) and non-polar (lower layer) extracts. Polar extracts were dried with a vacuum concentrator (Thermo Savant, Holbrook, NY, USA) and stored in the -70°C freezer until mass spectrometry analysis took place.
FT-ICR Mass Spectrometry
Samples were analyzed using a hybrid 7-T Fourier Transformed Ion Cyclotron Resonance Mass Spectrometer (LTQ FT, Thermo Scientific, Bremen, Germany) equipped with a chip-based direct infusion nanoelectrospray ionisation assembly (Triversa, Advion Biosciences, Ithaca, NY). ChipSoft software (version 8.1.0, Advion Biosciences) controlled the Nanoelectrospray conditions which had 200 nL/min flow rate, 0.3 psi backing pressure, and +1.7 kV electrospray voltages (for positive ion analysis). A total range of 70-590 m/z was scanned in 7 overlapping SIM scans which took 2 min, 15 sec in total.
Data Analysis
Pre-processing
Raw data was exported from Xcalibar (Version 2.0.7 Thermo Scienti c) to MATLAB ver.7 (The Mathwork Inc., Natick, MA) and subjected to custom-written code including sum of transient files and their process [26] . These processes have been described already by Southam et al., 2007 , but briefly comprise averaging the triplicate transients, Hanningapodisation, zero lling once, and application of a fast Fourier transformation. Then, processed transient data files were submitted to custom written codes in MATLAB (SIM-stitch algorithm version 2.8). In this way, SIM windows were aligned together with existence peaks in the overlap region, then all the peaks with SNR (Signal to Noise Ratio) lower than 3.5 were removed. In addition, some known detected compounds (minimum three peaks for each mass spectrum) have been used to calibrate spectra (Southam et al., 2007) . Three more MATLAB scripts were applied to the dataset, which referred to peak filtering [32] . The first script, namely Replicate Filter, rejected all the peaks detected in just one replicate. In other words, peaks observed in at least two replicates were kept. The second script, called Flag Blank Peaks, removed all the peaks in the blank sample except for the peaks with double intensity of the same peak in biological samples. The third script, namely Sample Filter, retained peaks that presented in a minimum of 50% of all the samples [32, 33] . At this stage, a peak list and peak matrix were generated. The peak list comprised two columns, namely m/z (mass to charge) and related intensities. The peak matrix consisted of a multivariate dataset that recorded all the peaks detected for each biological replicate.
Metabolite Identification
The peak mass list, along with peak intensities, were submitted to the Mi-Pack software package [27] to identify.
For each given accurate mass within the peak list, the correct number of empirical formulae were calculated by implication of seven 'golden rules' [34] . These rules briefly are: (1) Restriction of elements, (2) Lewis and Senior check [35] , Isotopic pattern filter, (4) H/C element ratio check, (5) Heteroatom ratio check, (6) Element probability check and (7) . Finally all possible formulas were filtered to select the most accurate and correct elemental formula using rules mentioned above [27, 33, 34, 36] .
Statistical Analysis
Prior to multivariate statistical analysis, datasets were processed by auto-scaling i.e. the mean of each spectrum was centred and divided by its standard deviation [37] . Then PCA (Principal Component Analysis) was performed on the dataset using MATLAB software, PLS Toolbox.
RESULTS
Physiological Traits
In order to investigate the effects of water deficit on the water status of the soil and the plant, soil moisture, water potential, water content and fresh weight were recorded on a time course basis. Soil moisture was 80% on the first day, declined until the 6th day, and then was unchanged for a further 2 days (Fig. 1A) . Again, after a further decrease, soil moisture remained around 5% for 4 days. Plants wilted after 14 days. Concomitant with the decrease in soil moisture, the water content of leaves and leaf water potential significantly changed following the decrease in soil moisture. The water content of leaves was 87% on the first day and remained constant until the 7th day of withholding water ( Fig. 1B) . Thus, in spite of a 60% soil moisture decrease, plant water content was unchanged. However, after 10-12 days of withholding water, the leaf water content decreased to 82%. At the end of the water stress period, leaf water content was 77%. The water potential of the leaves had the same pattern as water content during water deficit stress: a water potential of -4 Bar on the first day declined to -8 Bar over the experimental period (Fig. 1C) . Likewise, fresh weight as a plant growth rate index was changed after 4 th day. But considering the error bars, fresh weight had slight alterations thereafter, particularly the 14 th day of water withholding ( Fig. 1D ).
Metabolic Profiling
One of the initial objectives for this investigation was to optimize the general scheme of DI FT-ICR. These modifications should achieve spectra with high reproducibility across the technical replicates within a biological replicate, as well as a high number of peaks. The optimum fresh matter (50-100 mg) was harvested and following 2 days of freezedrying; the dry matter obtained was less than 10 mg. Next, FT-ICR analysis was performed for positive ion mode of polar fraction in 14 groups (days) with 6 biological repli- cates/day and 3 technical replicates. In order to process the generated mass spectra, 2 technical replicates out of 3 with an 80% sample filter were retained (peaks occurred at least 80% of samples within group independently). Examples of mass spectra for positive ion mode are shown in Supplementary Fig. (1) .
Whole Metabolite Overview Following the Water Deficit Stress
After list wise removing missing values, a total of 4755 peaks were incorporated into the data analysis. CV (Coefficient of Variation) which is normalized measure of dispersion was 51% for the final dataset. To visualize differences between the 14 time points at the metabolome level, the data was subjected to PCA (Principal Component Analysis). Prior to PCA, the data was pre-treated by auto-scaling i.e. the mean of each was spectrum centred and divided by its standard deviation . This scaling method, which is also referred to UV scaling, allocates equal weights to all variables. Therefore, since all peaks have equal unit variance (UV), they will equally contribute to the model [38, 39] . PCA reduced 4755 metabolites to 2 main principal components (PC1 and PC2). Sample position according to scores is illustrated in Fig. (2) . Thirty seven percent of the total variation across the dataset was explained by these two components. The abscissa (PC1) accounted for 27% of the total variation, clearly separating time points into an early (first 10 days) and late phase (last 4 days) of the water deficit stress period. The ordinate (PC2) describes 10.4% of total variation, discriminating the early phase responses to 2 distinct groups, namely the first 4 days and days 5-10.
The Most Outstanding Peaks in Water deficit Stress Responses
In order to determine highly important compounds affected by water deficit stress, 65 peaks were selected. These peaks had the most influence on the classification of samples, as they placed in the lowest and the highest values of PC1 and PC2 (Fig. 3) . Threshold approach was used to determine the outstanding peaks. Since the loading plot represents the relative contribution of each peak to the principal components, the different m/z values from loading plot were calculated according to [V V ]. Where V is loading matrix, V is average of loading matrix and sigma is the standard deviation of loading matrix. is depended on percent confident that the analysis is correct, in this study was selected equal to two.
Box-plot analysis was performed to illustrate the changing pattern of the selected metabolites over the stress period (Fig. 4) . The most outstanding peaks (65 peaks) were classified into 3 main groups. Group A contained 26 peaks that were in their highest peak area (8) on the first day but decreased to 1 following water deficit stress from day 1 to day 6. Group B consisted of 22 peaks, which following the water stress period had increased by day 9 to peak area 7, but declined to 1 on day 12 and finally had a slight increase on the 13 th and 14 th days. Group C peaks were not affected by water deficit until the 10 th day but suddenly increased more than two times over the remaining days.
Metabolite Identification
In this investigation to identify the metabolites, semiautomated software known as Mi-Pack (Metabolite Identification Package) has been used [27] . This package has been described in detail in the Materials and Methods section. MiPack has improved the accuracy of metabolite identification using seven 'golden rules' [40] , as well as prior knowledge of metabolite interconnectivity, to decrease incorrect assignment of empirical formulae [27] . Using Mi-Pack, 13 metabolites were putatively identified subsequent to submission of the most significant peak mass values (65 peaks). Fig. (2) . Score plot of PCA analysis on 14 day-harvested leaf samples exposed to water deficit including QCs and 4755 metabolites. PCA as a way of data reduction reduced 4755 metabolites to 2 main principal components (PC1 and PC2) which accounts for 27% and 10% of the total variation respectively. TEV: Total Explained Variance. QC : Quality Control samples consisting equal volume of randomly selected from all the analyzed samples. Table 2 ). Characteristics of putatively identified metabolites are summarized in supplementary Table 1 , consisting a mass to charge, intensity, empirical formula, mass value and putative name. However, 52 peaks remained unknown.
The Most Affected Metabolites and Pathways
Within the identified metabolites, regarding water deficit stress-related metabolic pathways and literature review, five compounds can be interpreted as having a biological role in response to water deficit stress; asparagine, phenylalanine, Fig. (3) . The most significant peaks based on high and low loading identified on the loading plot. In order to determine highly important compounds, 65 peaks were selected (red dots). These peaks had the most influence on the classification of samples, as they were placed in the lowest and the highest values of PC1 and PC2. Cut off line has applied more than ±0.04 loading scores. Fig. (4) . Three major peak change patterns following water deficit stress of Thyme for high loading score peaks. The most significant peaks (65 peaks) could be classified into 3 main groups (A, B and C) according to their pattern/profile over time. 
Mild
Medium severe tryptophan, D-Xylulose-5-phosphate, and aspergillic acid [41] .
Mi-Pack using the prior information of metabolite interconnectivity from the KEGG databases has determined the pathways consisting of significantly changing metabolites.
Direct infusion FTICR mass spectrometry in the nontargeted metabolite profiling strategy provided an overall image of the metabolite changes occurring during response to water deficit. Transformation mapping algorithm of MiPack by using KEGG databases [42] (Fig. 1) , water potential and water content did not change. This status can be described by the stress avoidance terminology [43] , which describes the first response of plants to stress conditions: maintaining water status at unstressed levels. Under severe stress, the water status of the plants (i.e. water potential and water content) declined dramatically, providing potential triggers for the induction of stress tolerance mechanisms.
To conduct such pot experiments under growth room conditions it is important that a) sufficient numbers of replicates for physiological traits, particularly water potential are recorded, b) an even aged set of plant material is used, c) a similar density of plants is used and d) pots are rotated in the tray to ensure uniform illumination.
The results of the score plot (Fig. 2) revealed two important points. Firstly, all sampling time points clustered in three distinct groups illustrating the validity of the experimental setup including plant growth, water deficit imposition method, harvesting, extracting, FT-ICR metabolomics data acquisition and data processing strategy, since they were harvested at similar time points and supposed to have similar physiological status. Secondly, the QCs (Quality Control consisting of an equal volume of random samples representative of all biological replicates) being centred supports the accuracy of this experiment. Clustering of all QCs in the centre of the PCA diagram can indicate the metabolite responses not due to technical problems and errors. Interestingly, the current approach to separation of the time points in PCA was similar to a study of metabolite response to salt stress in Arabidopsis thaliana [44] . In both of the investigations, PC1 classified the response to early and late phase, while PC2 described just the early phase.
Alongside the physiological changes occurring during water deficit stress (Fig. 1) , changes in metabolites during mild stress (short-term) can be interpreted as maintaining plant function at normal levels by using avoidance strategies [45] such as osmolyte accumulation and cell wall stiffening (Verslues et al., 2006) . In contrast under severe water stress (long-term), plants may protect cellular compartments from dehydration damage by mechanisms such as synthesis of dehydrins (protective proteins) and LEA (LateEmbryogenesis Abundant) proteins [46] as well as osmoprotectants [47] . Another response of plants to water deficit is against damages caused by ROS (Reactive Oxygen Species) [48] . Hence, it seems that metabolite groups A and B can be interpreted as drought avoidance mechanisms, as they have changed (up-regulated/ down-regulated) in the early days of stress (Fig. 4) . However, group c metabolites are up-regulated at the end of the water deficit stress period, where avoidance mechanisms were unable to maintain the balance between water uptake and water loss (Verslues et al., 2006) . Similar patterns of metabolite changes were found in forage legumes under water deficit stress [49] . 76 metabolites were observed to be increased and 14 metabolites decreased, but both changes were stress-dose dependent and followed different patterns of responses including fast and late responses, linear and non-linear trends. Interestingly, these stress-dose dependency patterns have been observed in salinity stress [50] . These authors proposed three fine tuning models of dose-dependent responses including linear, plateau and threshold. These models could interpret salt stress responses for various metabolites. Since plant response to time course style is more likely similar to the mentioned investigation with different level of stress dose.
FT-ICR MS is a leading technology in non-targeted metabolomics [27, 51] and provides thousands of mass values with extremely high accuracy and resolution in biological samples comprising complex mixtures of metabolites [52] . However, one of the major obstacles in metabolomics is metabolite identification [40] . Putative metabolite identification can be implemented as an approach to overcome this challenge, i.e. accurate mass values are searched against databases in the peak-by-peak approach (also called Single Peak Search) [40, 53] . Metabolite identification, particularly Single Peak Search, potentially has a high false positive rate (FPR). False positive rate is generated by assigning one mass value to more than one empirical formula, as well as correspondence of several chemical structures for each formula. For instance, formula C 6 H 12 O 6 at 180.06339 Da occurs in several carbohydrate compounds. Moreover, thousands of metabolites are found in any biological sample but there is a lack of species-specific databases such as KNApSAcK and HMDB [27, 54] . It should be noted that putative metabolite names reported in this study cannot be considered unambiguous, since they are assigned to empirical formulae calculated based upon just an accurate mass, which do not fulfil the criteria for Metabolomics Standards Initiative of metabolite identification [55] . Despite the accurate mass measurement by FT-ICR, assigning unambiguous or high-confidence metabolite names to an observed ion is difficult. This is partly because for one exact mass with the same elemental formula, different structures are possible [56] .
Environmental stress can trigger a chain of responses at all levels of plant organization and can alter plant metabolism in several ways. For instance, examples include synthesis of osmoprotectants and redox metabolism [57] . Os-molyte production is used to adjust osmotic potential and also stabilize cellular compartments and proteins. Redox metabolism can adjust excess level of potentially damaging ROS [6, 58] .
Among the most effective metabolites, amino acids (i.e. phenylalanine, tryptophan and asparagine) changed according to pattern B in Fig. (4) . Amino acid changes have been observed in various plants exposed to water deficit stress [50, 59, 60] . These amino acid alterations can be interpreted as "passive" or "active" effects of water shortage on plant metabolism. In passive effects, some enzymatic system has been impaired or even leads to protein breakdown under water stress conditions. Protein degradation along with lipid, chlorophyll, and nucleic acid breakdown occurs following ROS increase [61] . These degradation processes, which the plant exhibits in water deficit conditions, are similar to leaf senescence process, which result in cell death [62] . However, if the response is adaptive, plants accumulate amino acids to cope with stress by acting in specific physiological roles such as osmoregulation, ion transport regulation, gene expression, redox balancing and stomata opening [63, 64] . Application of exogenous amino acids resulted in relieving water deficit stress effects by regulating membrane permeability and ion uptake (Rai, 2002) . In other words, amino acids help to modulate inorganic solute (K + and Ca
2+
) flow into the cells [65, 66] and therefore contribute in stomatal opening and osmoregulation (Rai, 2002) . Changes in individual amino acids and their possible role in plant responses to a developing water deficit stress are considered in the next section.
Phenylalanine (Phe), as well as being a component of proteins, is a precursor to synthesize various important metabolites such as flavonoids, phenylpropanoids, anthocyanins, cell wall lignin and other secondary metabolites [41] . Products of Phe metabolism have several functions, including protection against biotic and abiotic stresses, particularly via the antioxidant function of some products such as phenylpropanoid [67] [68] [69] . Among the secondary metabolites derived from Phe, about 1% are volatile and the major classes of secondary metabolites are Phenylpropanoids, Glucosinolates and 2-phenylethanol (Tzin and Galili, 2010) . Phenylalanine can be converted into cinnamic acid and is involved in the biosynthesis of Salicylic Acid (SA). SA is well known in biotic stress as a stimulus of plant defence mechanisms, but recently various studies have confirmed that SA can act as a key molecule in signalling pathways of abiotic stress [70, 71] including water deficit stress [72, 73] . At low concentration, SA improves plant stress tolerance, suggested to stem from the antioxidative properties of SA [74] .
The tryptophan (Trp) pathway ends with the phytohormone indole-3-acetic acid (IAA or auxin) and diverse secondary metabolites with various functions including participating in defence mechanisms against biotic and abiotic stresses [41, 75] . The plant hormone IAA, in addition to its role in developmental process, has been observed in biotic and abiotic stress responses [76] . The latter has been confirmed during abiotic stress in rice including water deficit, salt and cold [77] . Diverse Trp-derived secondary metabolites are classified into 3 major classes, namely glucosinolates, indole alkaloids and camalexin [41] . Although the main pathway to synthesis of auxin is not known in detail, some auxins are synthesized from Trp [78] . Therefore some pathways have been suggested as possible IAA pathways from Trp [79, 80] . Glucosinolateshave been observed in contribution to biotic stress defence mechanisms [81, 82] , while camalexin is associated with both biotic and abiotic stresses [82] .
Another significant amino acid is asparagine (Asn). The chemical properties of Asn make it a major transportable source of nitrogen in xylem [83] . Asn has been implicated in a few metabolic pathways, but was observed to accumulate under a number of abiotic stresses in different plants such as soybean [84] , alfalfa [85] , pearl millet [86] and wheat [87] . During water deficit stress, increased asparagine might be either a direct response of the plant via its playing role as an osmoprotectant in addition to a cytoprotectant [86] or an indirect response: i.e. it may be due to lack of protein synthesis under water deficit that leads to synthesis of another form of nitrogen [88] .
Purine, pyrimidine and histidine metabolism has been perturbed by lowering D-Xylulose-5P, D-Riboluse-5P and D-Riboluse-5P based on 'pattern A' Figure 4 . This trend displays itself from the first day: these metabolites dramatically declined after the first day until the 7 th day and were fixed throughout the rest of the stress period (Fig. 4) . Decrease of the purine and pyrimidine pool affected by environmental stresses such as salt [89] and water deficit has been reported in several plant species [90] . It seems that impairment of the organic bases of nucleotides might be due to oxidative damage caused by ROS (Reactive Oxygen Species) [91] . ROS at low concentration serve as second messenger in various phytohormone responses such as biotic and abiotic stress [92, 62] , stomatal closure [93] ; Yan [94] Kwak [95] , programmed cell death [96] , root gravitropism [97] , seed germination, hypersensitive responses and lignin biosynthesis [91] . High concentrations cause oxidative damage to biomolecules including lipids [98] , proteins [98, 99] and DNA [100] . Oxidative damage to DNA ranges from modification of nucleotides, deoxyribose oxidation, DNA strand breakage and nucleotide removal [101] .
Although we used FT-ICR as an ultra-high mass resolution technique and Mi-Pack identification software, we were still unable to putatively identify 50 out of 65 of the most effective peaks. To unambiguously identify the structure of the unknown metabolites or confirm the identity of the outstanding putatively identified metabolites, use of tandem mass spectrometry (MS/MS) and/or NMR is suggested [24, 27] . Furthermore, using of SIM-stitching has improved DI FT-ICR platform yield with gaining higher dynamic range and lower mass error [26, 33] . The traditional DI FT-ICR drawback was increased mass error due to trying to detect both low and high concentration metabolites (to get higher dynamic range) [102] . Application of DI FT-ICR in this stress study strongly confirms the advantage of this approach over the current time-consuming analytical methods demonstrated by others [24, 33, 52] . On the other hand, using a much smaller number of samples and also fast analysis makes this technique appropriate for a screening tool in stress studies particularly of large germplasm collections.
CONCLUSION
Water deficit stress investigation, conducted under growth room conditions with the stress imposed by withholding water, gives for the first time the possibility to investigate the combined physiological and metabolic responses of thyme. Thymus vulgaris water deficit tolerance was monitored under developing water deficit conditions. The traits measured included leaf water potential, shoot water content, fresh weight and soil moisture. Soil moisture decreased gradually, while water potential and water content were constant during the first week. Then both traits decreased significantly.
Daily harvest and extraction followed by DI FT-ICR allowed us to profile the metabolites of thyme. The clearly identified phases observed in the physiological responses could be correlated with the metabolic responses. It suggests that patterns in metabolite changes indicated by the results of DI FT-ICR may be causal to the physiological responses, since metabolic level precedes the underlying level of physiological status. Mass spectrometry allowed metabolite profiling in a small sample size and mixture of metabolites. Within the all current mass spectrometry technologies, FTICR offers the highest mass accuracy and mass resolution, even with complex mixture samples. Therefore, without applying separation techniques prior to ionization (i.e. direct infusion) we could generate a list of massive peaks as m/z.
In total, 28 metabolic pathways were affected by water deficit stress, which included carbohydrate, amino acid, energy, secondary metabolites, vitamins, and nucleotide metabolism. Within the identified metabolites, amino acids such as Phe, Trp and Asn were a key component in water deficit stress response which act through phytohormones and secondary metabolites.
In conclusion, combined investigation at the physiological and metabolic level in a time course frame of Thymus vulgaris enabled us to identify significant metabolites and metabolic pathways in the sophisticated metabolic perturbations induced by water shortage. Moreover, the potential of this experimental design along with DI FTICR technology demonstrated that this approach can be a powerful tool for further studies on plant water deficit stress. 
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